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Abstract
There are over 20 countries whose citizens consume groundwater containing high levels
of fluoride, including Nigeria, Mexico, India, China, and Ghana, which all have major health
crises when it comes to the safety of their drinking water. Minerals like fluorite contain fluoride
which is often found in groundwater aquifers. The minerals release fluoride into the
groundwater. Per the World Health Organization (WHO) standard, the maximum contaminant
limit for fluoride consumption should be less than 1.5 mg/L. Chronic exposure of elevated levels
of fluoride can cause people to suffer debilitating health effects, such as dental and skeletal
fluorosis. Dental fluorosis causes teeth to be pitted, have a damaged enamel, and have yellow or
brown stains. Skeletal fluorosis causes pain and stiffness in the muscles and joints and causes
crippling changes in the bone structure.
The aim of this study was to modify and improve the design of biosand filters with
distinct types of media coated with aluminum hydroxide to maximize its performance for the
removal of fluoride, turbidity, organic matter, and E. coli, while also maintaining an adequate
filtration rate. There were three specific objectives in this research. The first objective was to
compare long term fluoride removal of BSFs with the different media (sand, coated pumice, and
coated biochar). The second objective was to compare performance of the different media
materials for the removal of turbidity, E. coli, and dissolved organic carbon (measured as UV254).
The third objective was to assess the fluoride removal efficacies of uncoated sand and recoated
media (coated biochar, and coated pumice).

viii

Initially, adsorption fluoride screening studies were performed to see whether sand and
aluminum hydroxide coated media materials (pumice and biochar) could remove fluoride from
contaminated drinking water. A bench-scale column study was performed by constructing three
biosand filter (BSFs) columns. Of the three, one was filled by uncoated sand as a control, one
was filled with aluminum hydroxide coated pumice, and one was a mixture of coated biochar
with an additional uncoated sand layer on top. The column study was used to test the efficacy of
removing multiple contaminants from drinking water sources (fluoride, E. coli, turbidity, organic
matter). Other parameters measured were aluminum concentration, pH, and alkalinity. After the
fluoride breakthrough occurred in the biochar and pumice columns, the media materials were
recoated to compare the fluoride removal efficacy of uncoated sand and recoated media (coated
pumice, and coated biochar) with the initial adsorption fluoride screening studies.
Long term performance studies conducted over a one-year period showed that BSFs with
aluminum hydroxide coated biochar and pumice effectively removed fluoride to below the WHO
maximum contaminant level (1.5 mg/L). Coated pumice was the most effective at removing
turbidity, at up to 98 to 99%, and E. coli. The coated biochar was the most effective at removing
organic matter, with removal efficiencies greater than 80%. After fluoride breakthrough in the
biochar column, the biochar was recoated with aluminum hydroxide and achieved an effective
fluoride removal; thus, demonstrating that the media could be reused. This suggests that the
biosand filter can be used for longer periods of time, providing safe drinking water to
communities at a household level. The filters are simple to use, and are effective at removing
pathogens, turbidity, and fluoride from the water. On the other hand, the coated pumice showed
that the pumice exhausted its adsorption capacity, even after recoating. The coated pumice was
able to remove the fluoride for a total of 418 days with a fluoride removal of 98% and higher.

ix

Coated biochar was able to remove fluoride for 313 days with a fluoride removal of 90% and
higher. Although pumice had the greatest fluoride removal, the coated pumice filtered water pH
was low and required adjustment. Post treatment using columns filled with oyster shells showed
that oyster shells restored the pH to within drinking water standards without compromising other
water quality parameters.

x

Chapter 1: Introduction
1.1 Background
Globally, there are approximately 884 million people who do not have access to clean
water (CDC, 2021). These people experience high risks of diarrheal diseases, such as Cholera,
Typhoid, and Dysentery, due to the exposure to and consumption of contaminated water and
poor sanitation. In addition, in many areas, groundwater contains inorganic contaminants, such
as arsenic, lead, and fluoride, that severely affect the health of the population when it is
consumed. There are over 20 countries whose citizens consume groundwater containing high
levels of fluoride, including in Nigeria, Mexico, India, China, and Ghana, which have major
health crises related to the safety of their drinking water (Dharaskar et al., 2020). For example,
different regions of Ghana experience different groundwater fluoride levels. In Tumu,
groundwater fluoride levels average around 2.88 mg/L (Abbasi et al., 2021).

In Northern

regions, groundwater fluoride levels have been reported as high as 11.6 mg/L (Salifu 2012).
Based on the World Health Organization (WHO) standard, the maximum contaminant limit for
fluoride in drinking water should be less than 1.5 mg/L.
1.2 Health Effects of Fluoride
At low concentrations, fluoride makes the tooth enamel stronger, prevents tooth decay,
and cavities. Due to these beneficial characteristics, fluoride is added to drinking water in many
U.S. municipalities. Fluoride is important to support and strengthen the structure of teeth when it
is consumed in drinking water at concentrations between 0.7 and 1.2 mg/L (Dongzagla et al.,
2019). While it is safe to add these levels of fluoride into drinking water, it can also be found
1

naturally in various concentrations in groundwater. Minerals, such as micas, apatite, and fluorite,
are rich in fluoride, which can contaminate the soil and water (Borgnino et al., 2015). Chronic
exposure to high levels of fluoride can cause people to suffer debilitating health effects, such as
dental and skeletal fluorosis. Dental fluorosis can cause a person’s tooth enamel to be damaged
beyond repair, stained, or pitted. Dental fluorosis occurs after long term exposure of fluoride
concentrations, 1.5 to 3 mg/L. Skeletal fluorosis can cause crippling pain in the muscles and
joints; it can cause the bone structure to change and become brittle (WHO, 2021). Skeletal
fluorosis occurs after exposure of fluoride concentrations, 4 to 8 mg/L.
1.3 Fluoride Removal
Several methods have been studied for removal of fluoride from groundwater, such as
coagulation, membrane filtration (reverse osmosis and nanofiltration), ion exchange, and
electrochemical treatment. These methods are highly effective, but complex and expensive to use
(Bhattacharya et al, 2021; Huang et al., 2021). Coagulation for instance, is good at removing
fluoride; however, it doesn’t reduce fluoride levels to standard limits (Ayoob et al., 2008).
Coagulation involves using a coagulant with a positive charge, which neutralizes the negative
charge of fluoride. This allows the coagulant and fluoride to bind with one another. Alum could
be used as a coagulant; however, it is pH dependent. When exposed to high pH, high aluminum
residuals are found in the drinking water; thus, increasing the aluminum concentration; which is
a major issue when using alum coagulant (Ayoob et al., 2008).
However, the adsorption method is also highly effective and cost effective as well
(Dharaskar et al., 2020). The adsorption method involves the attachment of fluoride ions in the
water to an adsorbent surface; thus, reducing the fluoride levels in the water. It is also simple to
use, and adsorbents can be made from locally available materials, which is best for use in
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developing and marginalized communities. Fluoride adsorbents include activated alumina,
aluminum oxide coated pumice, aluminum oxide coated biochar, zeolite, bauxite, calcite,
biochar, pumice, sand, charcoal, and laterite (Dharaskar et al., 2020; Salifu et al, 2013). These
adsorbents have varying fluoride adsorption capacities and are applicable under different
conditions.
Various adsorbents can be chemically modified to enhance removal of pathogens, heavy
metals, inorganic ions (i.e. fluoride), and turbidity. Previous studies have demonstrated that
coating the adsorbent with aluminum hydroxide has been effective at removing fluoride from
drinking water. Adsorbent materials with a large surface area allow the adsorbent to have many
adsorption sites for fluoride. As fluoride molecules attach to the adsorption sites in the aluminum
hydroxide media surface, a chemical reaction occurs.

The combination of adsorption and

chemical reaction is called chemisorption. Activated alumina is known to be a good absorbent of
fluoride since it has a high affinity for the ion (Abbasi et al., 2021). Akafu et al. (2019) showed
that diatomite, modified with aluminum hydroxide, removed 89.4% of fluoride from an initial
concentration of 10 mg/L. Zhao (2017) showed that aluminum oxide coated pumice removed
96% of fluoride in a 24-hour bench scale adsorption study, with a maximum adsorption capacity
of 22.64 mg/g. Rice (2020) showed that aluminum oxide coated pumice removed 54.4% of
fluoride, while aluminum oxide coated biochar removed 97% of fluoride at an initial
concentration of 5 mg/L.
1.4 Biosand Filtration
Biosand filters (BSFs) are point of use water treatment systems that are simple and
inexpensive to use and can be constructed from locally available materials. As shown in Figure
1, BSFs are constructed from different components including a specially designed container with
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a raised outlet pipe, a diffuser, and several layers of filtration media. The diffuser protects the
media and the biolayer from being damaged by scouring when the water is poured into the BSF
at the top. A biolayer, also known as the shmutzdecke, forms on top of the media. The biolayer is
composed of a biological community of microorganisms and extracellular polymeric substances
(EPS). The biolayer captures particles and pathogens, such as bacteria and viruses, which are
responsible for human illnesses by the trapping mechanism. Pathogens that are stuck in biolayer
are removed through natural die-off, as well as competition and predation by beneficial
microorganisms. In a ripened filter, it was shown that BSFs removed up to 95 to 98% of E. coli
(Stauber 2006). BSFs have been shown to remove about 98% of turbidity in a mature/ripened
filter (Pooi et al., 2018). It was reported that UV254 of BSF filtered water was decreased by 62 to
73% compared to raw water values (Duran 2020). UV254 is an indicator of the amount of
dissolved organic matter in the water.

Figure 1.1 Conventional Biosand Filter Schematic (from CAWST 2012, www.cawst.org)
4

Conventional BSFs cannot remove dissolved inorganic ions, such as fluoride, from water.
However, when modified with different adsorbents, BSFs have been shown to be effective at
removing fluoride (Rice, 2020). For BSFs, sand is normally used as the medium; however,
amending the filters with adsorbents, such as chemically modified pumice or biochar, can
increase the filters efficiency to remove fluoride. Pumice is a volcanic rock that is a light, porous
material, and low in cost (Asgari et al., 2012; Jin et al. 2021). It has been used in biosand filter
applications and has been shown to be effective for removal of turbidity and Fecal Indicator
Bacteria (FIB) at relatively high flow rates (Elliott et al, 2015; Singer et al, 2017). A bench scale
BSF study was investigated by Zhao (2017) who showed that modified BSFs with an aluminum
oxide coated pumice media removed turbidity from an initial concentration of 5.19 ± %.21 NTU
to 0.55 ± 0.12 NTU. Farizoglu et al. (2003) compared the performance of sand and pumice, as
BSF filter medium. The results showed a turbidity removal rate of sand between 85-90%;
however, performance of pumice was higher with 98-99% turbidity removal. When coated with
aluminum hydroxide, pumice has been shown to be an effective adsorbent for fluoride removal
from aqueous solutions (Heibati et al., 2011; Rice. 2020; Zhao 2017). A 24-hour batch fluoride
adsorption study was conducted by Rice (2020), who showed that aluminum oxide coated
pumice removed up to 90% of fluoride.
Biochar is created by pyrolysis of organic feedstocks, such as woods chips, where
biomass is heated at high temperatures under oxygen limiting conditions. Biochar has a high
surface area, high porosity, and is cost effective (Kumar et al., 2020). Kaetzl et al. (2018)
investigated the use of biochar to treat wastewater and reported turbidity removal of 93%. Guan
et al (2020) investigated biochar from two different feedstocks, wheat straw and willow wood,
and showed E. coli was removed by 84% and 79% respectively. Qi et al. (2021) investigated
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platanus acerifoli leaves- eggshell calcium- modified biochar to remove fluoride and found
maximum adsorption occurred at pH of 5.3 removing 98.53%. When coated with aluminum
hydroxide, biochar has been shown to be an effective adsorbent for fluoride removal from
aqueous solutions. A previous batch adsorption study worked with spent mushroom compost
biochar coated with aluminum hydroxide and reported a reduced fluoride concentration to 1
mg/L from an initial concentration of 10 mg/L (range pH of 6 to 8) (Chen et al., 2015).
In a prior preliminary study in our laboratory, Rice (2020) compared uncoated sand,
pumice, biochar, and aluminum hydroxide coated sand, pumice, and biochar for fluoride removal
in batch adsorption and full scale BSF studies. Coated pumice and coated biochar showed
promising results for fluoride removal. There were some questions that were not answered by the
study: i) How would aluminum hydroxide coated biochar and pumice perform in a long-term
BSF study?, and ii) After a breakthrough in the long-term study, can the adsorption capacity of
the exhausted media be restored by recoating?
1.5 Research Objectives
The aim of this study was to modify and improve the design of BSFs with different types
of media coated with aluminum hydroxide to maximize its performance for the removal of
fluoride, turbidity, organic matter, and E. coli, while maintaining an adequate filtration rate. In
this research, sand, coated pumice, and coated biochar, were evaluated in both batch and bench
top column studies. This research also investigated the performance of recoated media to see
how effective it is for fluoride removal.
Specific objectives of this thesis were to:
1.

Compare long term fluoride removal of BSFs with the different media (Sand, coated
pumice, and coated biochar)

6

2.

Compare performance of the different media materials for the removal of E. coli,
turbidity, and dissolved organic carbon (measured as UV254).

3.

Assess the fluoride removal efficacies of uncoated sand and recoated media (coated
pumice, and coated biochar).
The rest of this thesis is divided into the following chapters: Chapter 2: Literature

Review, Chapter 3: Materials and Methods, Chapter 4: Results and Discussion, and Chapter 5:
Conclusions and Recommendations.
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Chapter 2: Literature Review
2.1 Conventional Methods of Fluoride Removal
Several technologies have been used for fluoride removal including precipitation, ionexchange, and membrane processes (reverse osmosis, nanofiltration) (Ayoob et al., 2008;
Dharaskar et al., 2020; Lacson et al., 2021). These methods are efficient; however, they are also
complex to use, chemical dependent, expensive to maintain and operate. Adsorption is easy to
use, cost effective, materials can be readily available and requires less maintenance. When
incorporated into a point of use treatment this method can have many desirable traits; they are
effective in removing pathogens, turbidity removal and are simple to operate. The ease of use
allows communities to get safer drinking water in their homes. A major disadvantage to this
method is the waste byproduct, since the materials are coated with chemicals, said chemicals
could leach and contaminate the soil or water. Another disadvantage is the methods effectiveness
being dependent on pH and temperature (Sillanpaa, 2015). There are different adsorbents that
may include natural or chemically modified based adsorbents. Natural adsorbents include soil,
leaves, chitosan, fired clay chips, bauxite, laterite, and zeolite. These adsorbents have been
shown to have different fluoride adsorption capacities. They are even effective during exposure
to severe acidic conditions and are not as effective as chemical based adsorbents (Amy et al.,
2013).
Chemically modified based adsorbents can be metal based absorbents. An example would
be aluminum-based absorbents, which is considered the most effective for fluoride removal from
water (Zhang et al., 2021). Aluminum is a metal ion that has a high positive charge and small
8

ionic size. According to the hard and soft acids and bases (HSAB) concept, aluminum is a hard
acid while fluoride is a hard base. They preferentially react with each other since they both have
a high charge density and create an ionic bond, as shown in Equation (1).
Al3+ + 3 F- → AlF3

(1)

The adsorbent properties enhance the HSAB concept to improve the removal between the
solid-liquid interfaces. Chemisorption occurs when there is a chemical reaction between the
fluoride ions (adsorbate) and the aluminum coated media (adsorbent). The fluoride ions form
tight covalent bonds at the active sites of the coated media surface. As a result, both absorption
and a chemical reaction occurs at the media surface. Due to this fact there have been previous
studies based on alumina. Activated alumina is derived from aluminum hydroxide that has a high
surface area, porosity, and affinity for fluoride (Alhassan et al., 2020). Even though activated
alumina was efficient for fluoride removal, a disadvantage is that it is most efficient when used
in an acidic medium with a pH lower than 6 (Davison et al., 1982).
Previous studies have combined aluminum hydroxide with different adsorbents, such as
biochar and pumice, to remove fluoride (Salifu et al., 2013; Rice 2020). Compared to pumice,
few studies have investigated aluminum oxide coated biochar (Chen et al, 2015). Combining
biochar with different oxides, such as aluminum, magnesium and manganese improves the metal
cation adsorption in water (Guo et al, 2020). Table 2.1 shows a summary of different adsorbents
and their fluoride removal in different conditions. Aluminum coated pumice and aluminum
coated biochar had the highest fluoride removals in the batch adsorption studies.
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Table 2.1 Summary of Natural and Chemically Modified Based Adsorbents in Batch Fluoride
Adsorption Studies
Reference

Base material

Initial F
concentration,
mg/L

Fluoride
Removal,
%

pH

(Abe et al.,
2004)

Charcoal

20

0.4

N/A

(Abe et al.,
2004)

Carbon Black

20

10

N/A

(Abe et al.,
2004)

Activated carbon
(wood)

20

6.6

N/A

(Goswami &
Purkait., 2012)

Alumina

15

94

4.4

(Chandravanshi
et al., 2006)

Hydrated alumina

20

90

7

(Tripathy et al.,
2006)

Alum–impregnated
activated alumina

25

92

6.5

(Ghorai & Pant.
2004)

Manganese oxide
coated alumina

13.8

69.4

7

(Salifu et al.,
2013)

Aluminum Oxide
Coated Pumice

9.5

97.8

7

(Zhao, 2017)

Aluminum Oxide
Coated Pumice

5

96

N/A

(Rice, 2020)

Uncrushed
Aluminum
Hydroxide Coated
Biochar

5

97

7 ± 0.1

(Meilani et al.,
2021)

Aluminum Food
Waste Biochar

300

91.4

7.1
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2.2 Biochar
Biochar is an environmentally friendly and cost-effective adsorbent (Bhattacharya et al.,
2022). The elemental composition of biochar consists of: O, H, N, and C (Abiven et al., 2014;
Chen et al., 2014). Biochar is a high carbon content solid that is created by pyrolysis of a
biomass under oxygen-free or low oxygen conditions (Appels et al., 2021). Pyrolysis can be slow
and is carried out at 300 - 700° C; while fast pyrolysis is carried out at 500 to 1000° C (Oni et al.,
2019). Biochar is produced from different feedstocks, such as bone char, chine clay, agricultural
wastes, wood chips, rice husk, pinewood, dairy manure, animal manures, spent mushroom
compost and paper products (Chen et al., 2015; Oni et al., 2019). Depending on the pyrolysis
temperature and feedstock used, the properties vary. For example, the higher the pyrolysis
temperature, the higher the porosity of the biochar (Quicker et al., 2018). A previous batch
adsorption study showed biochar derived from waste sludge created at a pyrolysis temperature of
700 C removed fluoride by 76.4% (Oh et al, 2012). Normally, biochar is known to have the
following properties: large surface area and pore volume, high cation exchange capacity and high
organic carbon content (Guo et al., 2020; Oni et al., 2019). Since, it has a high surface area it has
many sites for adsorption. Rice (2020) investigated biochar as a filter media in a full-scale
biosand filtration experiment, where it had a mean of 90% turbidity removal and a mean of 85%
UV254 removal.
2.3 Pumice
Pumice can be found in various parts of the world extending from Italy or Greece to the
Pacific Coast of the US (Cavaleri et al, 2003). It is a cost effective, and locally available material
that has been used as a fluoride absorbent (Asgari et al, 2012). Pumice is a volcanic stone that is
lightweight, has high porosity and a large surface area (Zhang et al, 2021). It is composed of
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various components, such as Al2O3, K2O, TiO2, CaO, MgO, Na2O and mainly SiO2. (Çifçi, &
Meriç, 2015). Ghebremichael et al. (2012) investigated BSFs with pumice filter media and
determined pumice had an approximate of 98.5% turbidity removal with an E. coli removal of
1.68  0.38 log units. Pumice achieved a high turbidity removal rate of 98 to 99% than sand that
achieved 85% to 90% at a filtration rate of 7.64 m3/m2h (Farizoglu et al., 2003).
2.4 Biosand Filters
2.4.1 Conventional Biosand Filters
Conventional BSFs are a modification of the slow sand filter, which can be used at the
household scale (Manz et al, 1993; Manser, 2012; Sobsey et al, 2008). Lynn et al (2013)
investigated the performance of BSFs and found it removed turbidity by 86%, UV254 by 36% and
1.7 log10 removal of E. coli. BSFs uses filtration and biofilm layer to get clean water (Janjaroean
et al, 2016). An important component of a biosand filter is the biolayer, which takes about
approximately 2 to 3 weeks to mature/ripen, on top of the media layer (Anderson et al, 2012).
The biolayer is composed of organic matter and microbial community, such as bacteria, fungi,
and larvae, which allows it to remove micro-sized and nano-sized pathogens such as E. coli, and
rotavirus (Crawford et al, 2021; Bradley et al, 2011; Janjaroen et al, 2016). Microorganisms that
make up the biofilm compete with and engulf harmful microorganisms (Barnes et al, 2009).
Although conventional BSFs are effective at removing pathogens and particles, they have
limitations. BSFs with sand media can clog overtime, resulting in a reduced filtration water.
Thus, BSFs need to be maintained to overcome such limitations.
2.4.2 Modified Biosand Filters
Modified BSFs have been developed that use alternative filter media to enhance their
hydraulic performance and/or contaminant removal capacity. For example, highly porous and
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coarser media and metal- oxide coated media can improve filtration rates and enhance adsorption
capacity. Ghebremichael et al. (2012) investigated pumice filtration media and showed that
pumice produced approximately 30% more filtered water compared to conventional BSFs that
used sand as a medium. Other studies demonstrated that using aluminum and iron oxide as well
as aluminum and iron hydroxide coated media were able to reduce the FIB counts in the effluent
(Truesdail et al., 1998; Lukasik et al., 1999). Lukasik et al. (1999) combined sand with ferric and
aluminum hydroxide coatings, resulting in the removal of greater than 99% E. coli. Ahammed &
Davra (2011) compared conventional BSFs and modified BSFs using iron oxide-coated sand and
reported that the E. coli removal for the modified BSFs was higher than the conventional biosand
filters by one-log10 unit, while both maintained a turbidity removal higher than 90%. Rice (2020)
investigated a full-scale BSF field experiment, with aluminum oxide coated pumice and
determined there was a turbidity removal of up to 79%, while also achieving a UV254 removal of
62%.
This literature review demonstrates that incorporating aluminum hydroxide, pumice, and
biochar in the medium of a BSF to be an effective adsorbent to remove fluoride. BSFs decrease
turbidity, E. coli and UV254. Further research needs to be performed to investigate how
incorporating different media, such as pumice and biochar, coated with aluminum hydroxide can
enhance the efficiency of a biosand filter for fluoride removal from drinking water in the long
term. Therefore, this research will compare the performance of the different media materials for
the removal of UV254, turbidity and E. coli. This research will also delve into the long-term
comparison of fluoride removal of the BSFs, with the different media materials as well as when
media is recoated.

13

Chapter 3: Materials and Methods
Batch fluoride adsorption capacity experiments were initially performed for uncoated
sand and aluminum oxide coated pumice and biochar. Column studies were subsequently carried
out to investigate the effectiveness of the media for removing fluoride, turbidity, fecal indicator
bacteria (E. coli), and organic matter (measured as UV254), while maintaining an adequate flow
rate. On day 174, oyster shell columns were added to the coated pumice and coated biochar
columns as a post treatment method to raise the pH of the product water. This chapter describes
media characterization, batch fluoride adsorption studies, side-by-side BSF column studies
without and with oyster shell post treatment, column cleaning, recoated media batch fluoride
adsorption studies and analytical methods. Additional details on the methodology are provided in
the appendices.
3.1 Materials
3.1.1 Media
All the media materials were sieved to size 0.15 millimeters (mm) and cleaned
approximately 10 times with deionized (DI) water until the water was not turbid. Table 3.1
summarizes the different types of media materials used: sand, biochar, pumice, and oyster shells.
Initially, studies were conducted to characterize the hydraulic conductivity and porosity of each
media material. Falling head hydraulic conductivity tests were carried out using ASTM method
D5084. The procedure for the porosity followed ASTM method C830 and is described in
Appendix A.1.
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Table 3.1 Sand, Coated Biochar, Coated Pumice and Oyster Shells Media Characteristics
Hydraulic
Porosity,
Media
Source
Product
Conductivity,
cm3/cm3
cm/s
Seffner Rock and Gravel
Sand

Concrete Sand

0.40

0.083

0.70

NM1

0.82

0.195

0.53

0.234

0.52

NM1

(Tampa, FL)
Coated

Biochar Supreme Inc.

Biochar

(Everson, WA)

Environmental
Ultra

Biochar Supreme Inc.
Coated

Environmental
(Everson, WA) and

Biochar +

Ultra and
Seffner Rock and Gravel

Sand

Concrete Sand
(Tampa, FL)

Coated

Hess Pumice (Malad

Pumice

City, Idaho)

Hess Grade 2

Myco Supply

Crushed Oyster

Oyster Shells
(Pittsburgh, PA)
1

Shells

NM means not measured.

3.1.2 Feed Water
Water was obtained from Lake Behnke at the USF Botanical Gardens. The lake is 19
acres, with an approximate volume of 30 million gallons, and receives stormwater runoff from
the USF campus (Eilers, 2020). The lake water was chosen as a readily available source of
surface water containing varying concentrations of turbidity, organic matter, and fecal indicator
bacteria (FIB). Stock solutions of 1,000 mg/L fluoride were prepared monthly using reagent
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grade NaF powder (Thermo Fischer Scientific) to create feed water containing 5 mg/L F- and
standards (see details in Appendix A.2). Table 3.2 shows lake water characteristics after spiking
the water with fluoride concentrations.

Table 3.2 Lake Water Characteristics
Parameters

Untreated Lake Water

pH

7.41 ± 0.27

Turbidity, NTU

10.1 ± 7.93

Fluoride

6.87 ± 8.60

UV254, cm-1

0.14 ± 0.03

3.1.3 Aluminum Coating
Aluminum coating of pumice and biochar was carried out following the method
described by Rice (2020). Briefly, the media was rinsed with DI water to the point where the
water was not turbid. Afterwards, the media was placed in a constant temperature room at 35 C
to dry. Once it was dry, the media was first coated with a 0.5 molar (M) aluminum sulfate
(Al2(SO4)3) hydrate solution (Table 3.3). The media was mixed in the solution using a paddle
mixer for 90 minutes. Afterwards, the media was drained and then placed in the constant room
temperature room at 35 C for 24 hours for drying. After the 24 hours, the media was added into
a 3 M ammonium hydroxide (NH4OH) solution (Table 3.3) and mixed for 30 minutes using a
paddle mixer. Then, the media was dried at 35 C.
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Table 3.3 Media Coating Solutions
Amount of
Concentration
Solution

Chemical

Chemical Added

Source

per Liter of DI

Chemical
of Solution

Water
Aluminum

Thermo Fisher
Al2(SO4)3·14H2O

Sulfate

0.5 M

Scientific (Ward

297.08 g

(97+%)
Hydrate

Hill, MA)
Thermo Fisher
NH4OH (28 –

Ammonium
3M
Hydroxide

Scientific (Ward

116.67 mL

30%)
Hill, MA)

3.2 Fluoride Removal Screening Studies
Fluoride removal studies were conducted for each media material, to verify the fluoride
adsorption capacity. For each screening study, 3,980 mL of Lake Behnke water was obtained,
and 20 mL of stock fluoride solution was added to achieve a 5 mg/L fluoride concentration. The
following materials were tested: uncoated sand, coated biochar, coated pumice, and oyster shells.
Varying dosages were used for each media and the list of dosages are found in Appendix C.
Media materials were added to duplicate 280 mL glass sample bottles filled with 250 mL of
spiked water. Caps covered with parafilm were used to seal the bottles, which were placed on an
orbital shaker for 24 hours at a speed of 160 revolutions per minute (RPM). After 24 hours,
samples were collected from the bottles and filtered using 45 µm membrane filters.
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3.3 Column Biosand Filter Studies
Column studies were conducted for a total of 419 days to compare the efficacy of the
media materials for removing fluoride, E. coli, and organic matter (measured as UV254), while
maintaining an acceptable pH and flow rate. Table 3.4 summarizes the different experimental
phases. Figure 3.1 shows a photograph of the column BSFs. Post treatment with oyster shells
was used for coated pumice and coated biochar columns from day 174 to 419. Figure 3.2 shows
a photograph of the oyster shell columns next to the column BSFs.

A)

B)

C)

Figure 3.1 Column BSFS A) Uncoated Sand as a Control, B) A Top Layer of Uncoated Sand and
a Lower Layer of Coated Biochar, C) Coated Pumice
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B)

A)

Figure 3.2 Column BSFS A) Uncoated Sand, and B) Coated Pumice Next to Oyster Shell
Columns

3.3.1 Column Construction
Materials for construction included 2 L calibration columns (Koflo corporation, Cary,
IL), and clear vinyl tubing (Ace Proline, Oak Brook, IL). Three 2 L calibration columns were
each filled with a different media material: uncoated sand, coated biochar mixed with uncoated
sand, and coated pumice. Red plastic cups with bottom perforations were placed on top to act as
diffuser plates. This helped protect the biofilm layer against the shear force of the added water
during charging. Flexible tubing was attached to the columns with a T-elbow to raise the outlet
above the media. On day 174, two 0.5 L calibration columns were filled with oyster shell and
placed in between the coated biochar and coated pumice BSF columns. Figure 3.3 shows a
schematic of the columns used for the experiment. The 2 L calibration columns had a total media
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depth of 37 cm, water depth of 5 cm on top of the media and a red cup on top with a depth of 6
cm. The oyster shell column had a media depth of 32 cm.

Figure 3.3 Schematic Diagram of the Biosand Filter Columns

3.3.2 Column Operation
Table 3.4 summarizes the charge volume applied, feed water F- concentration and
columns in operation for each experimental phase. The charge volume and F- concentration were
initially set at 250 mL and 5 mg/L, respectively. The charge volume is the amount of lake water
being poured into the biosand filter column and the columns were charged every 24 hours. The
water was poured slowly in the filter so no overflow would occur. The charge volume was
increased gradually to challenge the systems with higher loading rates. Sand and coated biochar
were taken out of service on day, 314, respectively, since both experienced fluoride
breakthrough. Fluoride concentration was increased from 5 mg/L to 42 mg/L in the feed water to
the coated pumice column to try to reach fluoride breakthrough faster.

20

Table 3.4 Summary of Changes That Were Conducted
Charge Volume,
FDays of

mL

Phase

Columns in
Concentration,

Operation

(% of pore

Operation
mg/L

volume)
250
1

1 – 110

5

S1, CP2, CB3

5

S1, CP2, CB3

(33)
350
2

111 - 173
(47)

S1, CP2, CB3,

350
3

4

174 - 191

5
(47)

OS4

750

S1, CP2, CB3,

192 - 371

5
OS4

(100)
1500
5

372 - 404

5

CP2, OS4

42

CP2, OS4

(200)
1500
6

405 - 419
(200)

1
2
3
4

S represents sand.
CP represents coated pumice.
CB represents coated biochar.
OS represents oyster shells.
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3.3.3 Cleaning the Columns and Measurements
The columns were cleaned when the filtration rate declined below 0.25 m/hr. Below this
filtration rate, the BSF columns were beginning to clog and producing low quantities of treated
water. Cleaning was carried out by agitating the biolayer with a glass pipette and siphoning the
liquid into a sample bottle. Collected biofilm samples were analyzed for adenosine triphosphate
(ATP) and volatile suspended solids (VSS) as described below.
3.4 Analytical Methods
Flow rate, fluoride, pH, UV254, and turbidity were measured every other day, while E.
coli was normally measured weekly. For coated biochar and coated pumice, samples were
collected before and after passing through the oyster shell column after day 174. Fluoride was
measured following Standard Methods (4500-F-C) using a Thermo Scientific Orion 5-star
pH/ISE/Cond/DO Multiparameter Benchtop meter (Woonsocket, RI) and an Orion Model
9609BNWP Combination Fluoride Electrode (Suwanee, GA) (Baird, 2017). The meter was
calibrated using standard fluoride solutions of 0.5, 1, 2, 5, and 10 mg/L. The method detection
limit was 0.5 mg/L, which was determined by performing a fluoride limit test with a 0.5 mg/L
standard. 25 mL of filtered samples were collected and then combined with 25 mL of total ionic
strength adjustment buffer (TISAB) to measure the fluoride concentration. TISAB is used to
maintain a constant pH and ionic strength. pH was measured following Standard Methods (4500H+B) using a Thermo Scientific Orion 5-star pH/ISE/Cond/DO Multiparameter Benchtop meter
(Woonsocket, RI) and ATC probe (Chelmsford, MA) (Baird, 2017). The meter was calibrated
using standard pH buffer solutions of 4, 7, and 10. UV254 was measured following Standard
Methods

(5910B)

using

a

Thermo

Electron

Corporation

Genesys

10-S

UV-Vis

Spectrophotometer (Madison, WI) (Baird, 2017). Turbidity was measured following Standard
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Methods (2130) using a Hach 2100Q Portable Turbidimeter (Loveland, CO) (Baird, 2017). The
turbidimeter was calibrated using standard solutions of 10, 100, and 800 NTU.
E. coli was measured weekly following the EPA Method 1603 (EPA, 2014). Aluminum
and alkalinity were measured every other week. Aluminum was measured following HACH
8326 Eriochrome Cyanine R (ECR) Method using a Hach DR2800 Spectrophotometer
(Loveland, CO). Alkalinity was measured following Standard Methods (2320) using a Thermo
Scientific Orion 5-star pH/ISE/Cond/DO Multiparameter Benchtop meter (Woonsocket, RI)
(Baird, 2017).
ATP and VSS tests were performed to assess biomass content of the biolayer samples.
ATP is an indicator of the amount of living organisms in biofilm. To measure ATP, Hygiena
UltraSnap ATP Surface Test Swab and the Hygiena SystemSURE PLUS (Camarillo, CA) ATP
measurement system (ATP Meter) were used. The swab was shaken, the top was broken, then
uncapped, and the swab was dipped into the sample for 15 seconds. Then immediately the cap
was put back on and inserted into the ATP meter. VSS was measured following Standard
Methods (2540E) (Baird, 2017).
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Chapter 4: Results and Discussion
This chapter describes the results of side-by-side BSF column studies without and with
oyster shell post treatment, column cleaning, and fluoride screening studies with recoated media.
4.1 Biosand Filtration Experiment
BSF column studies using different filter media materials (uncoated sand, coated pumice,
and coated biochar) were conducted. Uncoated sand was used as the control. Parameters
measured were filtration rate, fluoride, turbidity, UV254, E. coli, pH, aluminum, and alkalinity.
Oyster shell columns were incorporated into the laboratory set ups for the pumice and biochar
columns on day 174 to raise the pH of the product water. The oyster shell product water had four
parameters measured, pH, turbidity, UV254, and fluoride to check the impact of oyster shell on
the performance of the columns.
4.1.1 Filtration Rate
The filtration rates of sand, coated pumice, and coated biochar over the course of the
study are shown in Figures 4.1 to 4.4. According to Centre for Affordable Water and Sanitation
Technology (CAWST) (2012), acceptable biosand filter filtration rates range from 0.14 to 0.56
m/hr. Filtration rates lower than 0.14 m/hr indicate that the BSFs are clogged due to the growth
of the biofilm and the accumulation of particulate matter on top of the media. Filtration rates
lower than this value will not be acceptable to users due to low water flow rates (CAWST,
2012). If the filtration rate is higher than 0.56 m/hr, the contact time of the water with the media
is too short. This could be a concern since it will affect the maturation and development of the
biofilm. If the biofilm isn’t developed properly, it would cause bacteria removal to be low.
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On day 230, the BSF columns needed to be cleaned since the filters produced very little
water having a declining filtration rate of 0.25 m/hr. After the cleaning, coated biochar and
coated pumice increased the filtration rates to 1.19 and 1.14 m/hr and sand to 0.67 m/hr. After
the first cleaning, all the columns were cleaned again on day 265. On day 302, the sand and
coated biochar columns were cleaned. The coated pumice column was cleaned on days 393 and
416. After each cleaning, the filtration rate increased.
The filtration rate of sand, coated pumice, and coated biochar were variable throughout
the experiment depending on the charge volume. For charge volume of 250 mL, all columns
were between the recommended filtration rate range; however, as the charge volume increased,
the filtration rate increased. A long period of acceptable filtration rate occurred for 230 days
before cleaning after having an increase in charge volume of 250 mL to 750 mL. A slight
increase occurred after an increase in charge volume to 750 mL and started to decline since it
sped the process of clogging based on higher solids loading. Table 4.1 provides the ranges of
filtration rate per charge volume and coated media. During the last experimental phase of
operation of the pumice column with a charge volume of 1500 mL, rapid clogging at high solids
loading reduced the filtration rates. Note that product water quality remained high despite the
high filtration rates outside the range of recommended by CAWST (2012). As a result of the
higher levels of untreated water, the biofilm began to grow thicker; thus, providing better water
quality. This coincides with Tellen et al. (2010), who used a BSF filter with sand media that had
high filtration rates that produced safe water. Along with the aforementioned study, these results
agree with a previous study conducted by Ghebremichael et al. (2016), where the pumice was
able to produce similar quality of filtered water along with the increased filtration rate.

25

Table 4.1 Filtration Rate per Media Materials and per Varying Charge Volumes Throughout the
Study
Charge Volume,
Uncoated Sand,
Coated Pumice,
Coated Biochar,
mL

m/hr

m/hr

m/hr

250

0.27  0.022

0.46  0.033

0.48  0.040

350

0.34  0.015

0.61  0.034

0.51  0.096

750

0.52  0.090

0.90  0.264

0.83  0.310

1500

N/A

0.53  0.162

N/A

1.40

Filtration Rate, m/hr

1.20

V = 250 mL

1.00
0.80
0.60
0.40
0.20
0.00

1

11

21

31

41

51

61

71

81

91

101

Day
Biochar + Sand

Pumice

Sand

Figure 4.1 Filtration Rate of Sand, Coated Pumice, Coated Biochar Media for Charge Volume,
250 mL. Horizontal Purple Lines Represent the Filtration Rate Range Recommended by
CAWST (2012) of 0.14 Through 0.56 m/hr.
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1.40

Filtration Rate, m/hr

1.20

V = 350 mL

1.00
0.80
0.60
0.40
0.20
0.00
111

121

131

141

151

161

171

181

191

Day
Biochar + Sand

Pumice

Sand

Figure 4.2 Filtration Rate of Sand, Coated Pumice, Coated Biochar Media for Charge Volume,
350 mL. Horizontal Purple Lines Represent the Filtration Rate Range Recommended by
CAWST (2012) of 0.14 Through 0.56 m/hr.
1.40

V = 750 mL

Filtration Rate, m/hr

1.20
1.00
0.80
0.60
0.40
0.20
0.00
192

202

212

222

232

242

252

262

272

282

292

302

312

322

332

342

352

362

Day
Biochar + Sand

Pumice

Sand

Figure 4.3 Filtration Rate of Sand, Coated Pumice, Coated Biochar Media for Charge Volume,
750 mL. Horizontal Purple Lines Represent the Filtration Rate Range Recommended by
CAWST (2012) of 0.14 Through 0.56 m/hr. Vertical Red Lines Indicate When the Columns
Were Cleaned on Days: 230, 265, and 302.
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Figure 4.4 Filtration Rate of Untreated Water and Coated Pumice Media for Charge Volume,
1500 mL. Horizontal Purple Lines Represent the Filtration Rate Range Recommended by
CAWST (2012) of 0.14 Through 0.56 m/hr. Vertical Red Lines Indicate When the Columns
Were Cleaned on Days: 393 and 416.

4.1.1.1 Cleaning Biosand Filters
Sand, and coated biochar BSF columns were cleaned on days 230, 256 and 302; however,
coated pumice BSF column was cleaned on days 230, 256, 392 and 416. During the first column
cleaning on day 230, ATP and VSS were measured. The final column clean occurred on day 302
for coated biochar and sand. ATP measurement could not be conducted for coated pumice due to
some technical issues for the final column cleaning. Table 4.2 shows a summary of ATP
measurements for the first time and last time the columns were cleaned.
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Table 4.2 ATP Measurement for the First and Last Day Column Cleaning
ATP, RLU
ATP, RLU
Media
Day 230
Day 302
Pumice

6815

N/A

Biochar + Sand

6199

364

Sand

7736

185

ATP is an indicator of the amount of living organisms in the schmutzdecke. Initially,
sand had the highest ATP measurement, while coated biochar had the lowest during the first
cleaning. This is due to sand having a higher biomass growth than the other columns. Of the
three, sand was the only one that had a pH that was within the standards while coated biochar
and coated pumice were not. The growth of biomass is preferable at a high pH (Kamble et al.,
2014). This could also be due to the filtration rate being in recommended filtration rates by
CAWST (2012), even though the charge volumes increased, which allowed for the
schmutzdecke to develop and mature steadily. For coated pumice and coated biochar columns
the filtration rates increased higher than the recommended filtration rates by CAWST (2012),
which could have caused the schmutzdecke to develop at a slower rate and having a smaller
thickness. Figure 4.5 shows that sand had more schmutzdecke than coated pumice and coated
biochar. Sand has a schmutzdecke thickness of 0.42 cm, while coated biochar had a
schmutzdecke thickness of 0.14 cm and coated pumice had a schmutzdecke thickness of 0.21
cm. On the contrary, the last BSF column cleaning showed coated biochar had a higher ATP
measurement than sand. This is due to coated biochar having a higher biomass growth than the
other columns. The low ATP for sand and coated biochar was probably due to having cleaning
after a shorter period of time than the first time. The first time the column was cleaned was after
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230 days; while the second clean was on day 256 and the final clean was on day 302. From the
second cleaning to the last cleaning, 46 days passed. This gave less time for the schmutzdecke to
grow like it did initially. As shown in Figure 4.6, the schmutzdecke on top of the media is more
prominent for coated biochar than sand. This can be determined by the schmutzdecke that is
represented by the black layer on top of the media. There is a full black layer on top of coated
biochar than sand, which signifies there is more schmutzdecke on top of the coated biochar than
sand.

A

C

B

Figure 4.5 Schmutzdecke Layer Before First Time Cleaning on Day 230 for A) Sand, B) Coated
Biochar and C) Coated Pumice

A

B

Figure 4.6 Schmutzdecke Layer Before Final Cleaning on Day 302 for A) Coated Biochar, and
B) Sand
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VSS indicates organic-solids concentrations and can also indicate the mass of
microorganisms in a sample. Table 4.3 shows VSS for the first cleaning for all media materials.
Coated biochar had the highest VSS, while pumice had the lowest VSS. Volatile suspended
solids measurement wasn’t performed for uncoated sand, coated pumice, and coated biochar
because of lack of equipment of micro-glass filters of pore size of 45 µm and trays.

Table 4.3 Volatile Suspended Solids for the First Cleaning
Media
VSS (mg VSS)
Pumice

8.63

Biochar + Sand

14.45

Sand

12.75

4.1.2 Fluoride
Figures 4.7 to 4.10 show fluoride concentrations in untreated water and treated water
from coated pumice, uncoated sand, and coated biochar columns for different charge volumes
throughout 419 days. Gaps in the figure from days 314 to 325 were because there were problems
with the fluoride meter. The study had initial F- concentration of 5 mg/L for 404 days. From
days 405 to 419, the water was spiked to a concentration of 42 mg/L. To reduce the time for
fluoride breakthrough in the pumice column, the concentration was increased to 42 mg/L. The
horizontal purple line represents the WHO (2011) drinking water standard (1.5 mg/L). The
uncoated sand column lasted for 49 days before breakthrough occurred. Before breakthrough
occurred, sand had a fluoride removal of 92.3 ± 8.7%. Coated biochar lasted for 313 days before
a breakthrough occurred. The pumice column experienced a breakthrough after 418 days only
when challenged with high F- concentrations. Table 4.4 shows a summary of adsorption capacity
31

for uncoated sand, coated pumice, coated biochar. The adsorption capacity by mass was
calculated by using the following equation:

(2)
where q is the adsorption capacity (mg F- /g media), Cin is the initial fluoride concentration of the
spiked water (mg/L), Cproduct is the fluoride concentration after 24 hours (mg/L), mass of media is
the mass of media material in the column and Vi is the total amount of spiked lake water used
(L). The adsorption capacity by volume was calculated by using the following equation:

(3)
where q is the adsorption capacity (mg F- /g media), Cin is the initial fluoride concentration of the
spiked water (mg/L), Cproduct is the fluoride concentration after 24 hours (mg/L), volume of
media is the volume of the media material in the column and Vi is the total amount of spiked lake
water used (L).
Table 4.4 shows that the aluminum coated pumice has the highest adsorption capacity by
both mass and volume. Note also that the column containing pumice was completely filled with
the coated media while the biochar column had a sand capping layer on top to prevent it floating
into the biofilm layer. This could have caused the high adsorption capacity in the pumice column
since adsorption occurs between the solid-liquid interfaces. Ionic bonds form between the
aluminum hydroxide in the coated media and the fluoride ions in the drinking water. Coated
pumice had an adsorption capacity 15% higher than coated biochar by mass; however, had an
adsorption capacity 77% higher than coated biochar by volume. Coated biochar is less dense
than coated pumice and uncoated sand, which resulted in using a lesser mass of media per
volume. For the coated biochar column, the column was filled two thirds of the column. Coated
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biochar had the second highest adsorption capacity which could be due to biochars properties
like increasing the water retention. Coated biochar can retain more spiked water which allows for
fluoride to be attached to the coated media and the enhancement of coating with aluminum
hydroxide allows for the fluoride and aluminum ions to be tightly attached together. Note the
column doesn’t need a long retention time to obtain good quality of water. Uncoated sand
weighed the most and had the lowest adsorption capacity since the media had low adsorption
active sites.
Note for this study for coated pumice, initial fluoride concentrations varied from 5 mg/L
to 42 mg/L. Coated pumice had a fluoride removal of 98% and higher throughout the entire
study, and coated biochar had a fluoride removal of 90% and higher throughout the entire study.
Table 4.5 shows fluoride removal efficiencies per media materials per varying charge volumes
for this study. For more information, the average fluoride effluent per charge volume for
different media materials used can be found in Appendix E.

Table 4.4 Summary of the Adsorption Capacities per Media Materials
Adsorption

Aluminum Hydroxide

Aluminum Hydroxide

Uncoated

Capacity

Coated Pumice

Coated Biochar

Sand

By Mass, mg/g

1.11

0.94

0.012

By Volume, mg/mL

0.77

0.18

0.019
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Table 4.5 Average Fluoride Percent Removal per Media Materials and per Varying Charge
Volumes
Coated Pumice
Coated Biochar
Charge Volume, mL Sand Removal, %
Removal, %
Removal, %
250

36.43 ± 52.95

98.78 ± 0.92

99.46 ± 0.59

350

-6.16 ± 8.54

99.38 ± 0.40

99.13 ± 1.24

750

0.97 ± 16.31

99.25 ± 1.01

90.57 ± 9.91

1500

N/A

99.14 ± 1.24

N/A

Figure 4.7 Fluoride of Untreated Water, Sand, Coated Pumice, and Coated Biochar for Charge
Volume, 250 mL. Horizontal Purple Line Represent the WHO (2011) Drinking Water Standard
of Fluoride, 1.5 mg/L. Vertical Blue Line Represent When the Charge Volume Increased on
Day, 111.
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Figure 4.8 Fluoride of Untreated Water, Sand, Coated Pumice, and Coated Biochar for Charge
Volume, 350 mL. Horizontal Purple Line Represent the WHO (2011) Drinking Water Standard
of Fluoride, 1.5 mg/L. Vertical Blue Lines Represent When the Charge Volume Increased on
Days: 111, and 192.

Figure 4.9 Fluoride of Untreated Water, Sand, Coated Pumice, and Coated Biochar for Charge
Volume, 750 mL. Horizontal Purple Line Represent the WHO (2011) Drinking Water Standard
of Fluoride, 1.5 mg/L. Vertical Dashed Black Lines Indicate When the Columns Were Cleaned
on Days: 230, 265, and 302. Vertical Blue Lines Represent When the Charge Volume Increased
on Days:192 and 372.
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Figure 4.10 Fluoride of Untreated Water, and Coated Pumice Media for Charge Volume, 1500
mL. Horizontal Purple Line Represent the WHO (2011) Drinking Water Standard of Fluoride,
1.5 mg/L. Vertical Dashed Black Lines Indicate When the Columns Were Cleaned on Days: 393
and 416. Vertical Blue Line Represent When the Charge Volume Increased on Day, 372.

Figure 4.11 shows fluoride after post treatment for coated pumice and coated biochar.
Table 4.6 summarizes fluoride measurements after post treatment for coated pumice and coated
biochar. The average fluoride for the side-by-side experiments with and without post treatment
were able to meet the WHO drinking water standard for fluoride. The oyster shell column made
no significant change to the fluoride levels.
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Figure 4.11 Fluoride of Oyster Shells Mixed with Coated Pumice and Coated Biochar Samples
for Charge Volumes: 750 mL and 1500 mL. Horizontal Purple Line Represent the WHO (2011)
Drinking Water Standard of Fluoride, 1.5 mg/L. Vertical Dashed Red Lines Indicate When the
Columns Were Cleaned on Days: 230, 265, 302, 393 and 416. Vertical Blue Lines Represent
When the Charge Volume Increased on Days: 192 and 372.

Table 4.6 Fluoride of Product Water of Coated Pumice and Coated Biochar Columns After Post
Treatment in Oyster Shell Columns
Charge Volume, mL
Coated Pumice, mg/L
Coated Biochar, mg/L
750

0.11 ± 0.066

0.53 ± 0.424

1500

0.34 ± 0.518

N/A

4.1.2.1 Increasing Charge Volume
To reduce the time for fluoride breakthrough in the pumice column, charge volume was
increased. Before increasing the charge volume for the duration of the experiment, a short term
(three day) study was conducted to ensure that doubling the volume would not cause parameters
to exceed standard limits. For three days where, the charge volume was 1500 mL, the filtration
rate, turbidity, UV254, pH, and fluoride were tested. 1500 mL was chosen since it doubles the bed
pore volume and was charged in two batches of 750 mL of water in the columns. This was due to
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not having enough capacity on top of the column for a one-time charge of a total of 1500 mL.
Table 4.7 demonstrates that even with having charge of two batches of 750 mL per day, the
pumice column and oyster shell column produced water that meet the standards for turbidity, pH,
and fluoride per batch; however, turbidity and fluoride values increased from the first charge.
Even though, coated pumice experienced short contact time with the water, the column produced
water to be within standards. This could be due coated pumice having many active sites in the
coated pumice. It binds with the fluoride ions and removes the ions from the drinking water. This
could indicate that the long retention time (24 hours) was not needed. Filtration rate was also
within recommended range for BSFs. Thus, once the study showed that product water met
standards, on day 372, the columns were charged with 1500 mL until the end of the study.
Due to the coated pumice the water came out with a low pH, a post treatment of oyster
shells was used. The oyster shells neutralize the acidic water bringing it to a safe level, as a result
some of the oyster shells dissolve causing small particles of oyster shell to be in the water. When
the post treated water goes through the second charge of oyster shells the water already
contained small trace amounts of oyster shell from the previous charge, thus yielding a higher
level of turbidity for the oyster shell columns. Fluoride levels in the oyster shells were slightly
higher the second time rather than that of the first charge. After the first charge, it left behind
some fluoride ions that attached to the oyster shells and then leeched out of the shells after it
went through a second time.
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Table 4.7 Comparison Between First and Second Charge of 750 mL
Pumice +
Parameter
Influent
Pumice1
Oyster
Pumice2
Shells1
Turbidity,
8.230 ±
1.122 ±
3.242 ± 1.003 2.157 ± 0.221
NTU
2.397
0.063

UV254,

0.043 ±

0.005

0.005

0.054 ±
0.010

7.177 ±

7.197 ±

7.362 ±

0.062

0.369

0.046 ± 0.002

7.355 ± 0.133

Filtration

0.046 ± 0.008

6.993 ± 0.133
0.098

0.787 ±
N/A

rate,

N/A

0.653 ± 0.025

0.087 ± 0.035

0.008 ± 0.003

N/A

0.031
6.228 ±

0.009 ±

Fluoride,
0.060
2

0.068

0.124 ±
cm-1

pH

1

Pumice +
Oyster
Shells2
4.138 ±

0.097 ±

0.001

0.017

The first charge of 750 mL in pumice and pumice oyster shells
The second charge of 750 mL in pumice and pumice oyster shells

4.1.3 Correlation between Turbidity, UV254, and E. coli
4.1.3.1 Turbidity
Figures 4.12 to 4.15 show changes in turbidity for untreated water, and product water
from uncoated sand, coated pumice, and coated biochar columns. Gaps in the figure from days
83 to 103 and 273 to 284 were because the lab was closed for COVID quarantine and problems
with the turbidity meter, respectively. Table 4.8 provides a summary of turbidity removal
efficiencies per charge volume for the different media materials used. For each media material,
as the charge volume increased the percent removal decreased. At higher charge volumes, the
water velocity increases, washes off particles and led to higher turbidity (USGS, 2018). For more
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information, the average turbidities per charge volume for different media materials used can be
found in Appendix E.

Table 4.8 Turbidity Percent Removal per Media Materials and per Varying Charge Volumes
Throughout the Study
Charge Volume,
Sand
Coated Pumice
Coated Biochar
mL

Removal, %

Removal, %

Removal, %

250

96.40 ± 1.96

97.93 ± 1.60

97.31 ± 1.59

350

86.01 ± 7.18

94.06 ± 3.35

93.15 ± 2.99

750

78.53 ± 14.46

89.48 ± 7.68

66.17 ± 38.56

1500

N/A

88.16 ± 2.99

N/A

As shown in the figures and Table 4.7, even though there was high turbidity for the
untreated water, the columns achieved turbidities below the drinking water standard. This agrees
with Pooi et al. (2018) who achieved 98% turbidity removal when the BSF was matured. For the
charge volume of 750 mL, turbidity increased due to the increased filtration rate. The higher
turbidity will be due to the increase in the charge volume. Total solids increase and causes the
solids to fill the pore spaces quicker. Thus, causing the BSF columns to clog, which had an
increase in turbidity removal, since more particles are trapped in the media (Haarhoff and
Cleasby, 1991; Mahlangu, 2011). Coated pumice had the highest turbidity removal efficiency as
the charge volume increased compared to the other two media materials. This is not consistent
with the study of Rice (2020) who used aluminum coated pumice, in which she achieved only a
79% turbidity removal. Rice (2020) also obtained a 90% turbidity removal by using an
aluminum hydroxide coated biochar mixture. The discrepancy of the results of this study and
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Rice (2020) comes down to different methodologies. Previously Rice (2020) performed a fullscale study, while this study was a lab bench scale study. Note, that coated biochar had a biochar
turbidity breakthrough which could have been impacted by the rusting fittings tinting the water
yellow.

Figure 4.12 Turbidity of Untreated Water, Sand, Coated Pumice, and Coated Biochar for Charge
Volume, 250 mL. Horizontal Purple Line Represent the WHO Drinking Water Standard of 5
NTU (WHO, 2017). Vertical Blue Line Represent When the Charge Volume Increased on Day,
111. Note That Graphs Are Broken Along the Vertical Axis Due to Much Higher Influent
Turbidity.
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Figure 4.13 Turbidity of Untreated Water, Sand, Coated Pumice, and Coated Biochar for Charge
Volume, 350 mL. Horizontal Purple Line Represent the WHO Drinking Water Standard of 5
NTU (WHO, 2017). Vertical Blue Lines Represent When the Volume Charge Increased on
Days: 111, and 192. Note That Graphs Are Broken Along the Vertical Axis Due to Much Higher
Influent Turbidity.

Figure 4.14 Turbidity of Untreated Water, Sand, Coated Pumice, and Coated Biochar for Charge
Volume, 750 mL. Horizontal Purple Line Represent the WHO Drinking Water Standard of 5
NTU (WHO, 2017). Vertical Black Dashed Lines Indicate When the Columns Were Cleaned on
Days: 230, 265, and 302. Vertical Blue Solid Lines Represent When the Charge Volume
Increased on Days: 192 and 372. Note That Graphs Are Broken Along the Vertical Axis Due to
Much Higher Influent Turbidity.
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Figure 4.15 Turbidity of Untreated Water, and Coated Pumice Media for Charge Volume, 1500
mL. Horizontal Purple Line Represent the WHO Drinking Water Standard of 5 NTU (WHO,
2017). Vertical Black Dashed Line Indicate When the Columns Were Cleaned on Day: 393 and
416. Vertical Blue Solid Lines Represent When the Charge Volume Increased on Day, 372. Note
That Graphs Are Broken Along the Vertical Axis Due to Much Higher Influent Turbidity.

Figure 4.16 shows turbidity throughout a period of time for post treatment with oyster
shells for the media, coated pumice and coated biochar. Table 4.9 shows the average turbidity
treated water after post treatment. The average turbidity for the side-by-side experiments with
and without post treatment were able to meet the WHO standard for drinking water.
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Figure 4.16 Turbidity of Oyster Shells Mixed with Coated Pumice and Coated Biochar Samples
for Charge Volumes: 750 mL and 1500 mL. Horizontal Purple Line Represent the WHO
Drinking Water Standard of 5 NTU (WHO, 2017). Vertical Red Dashed Lines Indicate When the
Columns Were Cleaned on Days: 230, 265, 302, 393, and 416. Vertical Blue Solid Lines
Represent When the Charge Volume Increased on Days: 192 and 372.

Table 4.9 Turbidity of Product Water of Coated Pumice and Coated Biochar Columns After Post
Treatment in Oyster Shell Columns
Charge Volume, mL Coated Pumice, NTU Coated Biochar, NTU
750

1.40 ± 0.68

2.57 ± 1.55

1500

2.03 ± 0.73

N/A

4.1.3.2 UV254
UV254 is used as a measure of dissolved organic carbon (Albrektinene et al., 2012; Shi et
al., 2020). It is important to remove dissolved organic carbon for the following reasons: impacts
aesthetics negatively (taste, color, odor and turbidity) (Albrektinene et al., 2012) and disinfection
by-products occur if water was disinfected with chlorine which are harmful to consume since
they are carcinogenic (Kim & Kang., 2008). Table 4.6 summarizes UV254 percent removal of
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each media material used per the charge volume. Coated biochar removed more dissolved
organic carbon than the other materials, staying within 80% removal, while sand removed the
least throughout each increase of the charge volumes. This agrees with Rice (2020) who used
aluminum hydroxide coated biochar that achieved 85% UV254 removal. The percent removal for
all media materials decreased with increasing charge volume. Coated pumice removed 70% to
60% of UV254 as the volume charge increased. With a higher charge volume of 1500 mL, 60%
UV254 removal occurred, which agrees with Rice (2020) that achieved a 62% UV254 removal.
There are no drinking water standards for UV254. UV254 measures how much organic matter is in
drinking water. Table 4.10. shows UV254 reduced in each media material column per charge
volume. Figures 4.17 to 4.20 shows the UV254 of untreated water, sand, pumice and biochar and
sand media for different charge volumes throughout 419 days. For more information, the average
UV254 per charge volume for different media materials used can be found in Appendix E.

Table 4.10 Average UV254 Percent Removal per Media Materials and per Varying Charge
Volumes Throughout the Study
Charge Volume,
Coated Pumice
Coated Biochar
Sand Removal, %
mL
Removal, %
Removal, %
250

56.05 ± 13.17

84.82 ± 5.35

87.24 ± 8.98

350

38.35 ± 6.68

78.75 ± 5.95

86.31 ± 8.77

750

17.43 ± 14.42

70.80 ± 7.87

82.79 ± 18.29

1500

N/A

61.43 ± 9.48

N/A
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Figure 4.17 UV254 of Untreated Water, Sand, Coated Pumice and Coated Biochar for Charge
Volume, 250 mL
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Figure 4.18 UV254 of Untreated Water, Sand, Coated Pumice and Coated Biochar for Charge
Volume, 350 mL
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Figure 4.19 UV254 of Untreated Water, Sand, Coated Pumice and Coated Biochar for Charge
Volume, 750 mL. Red Lines Indicate When the Columns Were Cleaned on Days 230, 265, and
302.
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Figure 4.20 UV254 of Untreated Water, and Coated Pumice Media for Charge Volume, 1500 mL.
Red Lines Indicate When the Columns Were Cleaned on Days: 393 and 416.
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Figure 4.21 shows UV254 of coated pumice and coated biochar columns after post
treatment in oyster shells. Table 4.11. demonstrates UV254 for coated pumice and coated biochar
after post treatment with oyster shells. UV254 measurements before post treatment and after were
similar.

Figure 4.21 UV254 of Oyster Shells Mixed with Coated Pumice and Coated Biochar Samples for
Charge Volumes: 750 mL and 1500 mL. Red Lines Indicate When the Columns Were Cleaned
on Days: 230, 265, 302, 393 and 416. Blue Lines Represent When the Charge Volume Increased
on Days: 192 and 372.

Table 4.11 UV254 of Product Water of Coated Pumice and Coated Biochar Columns After Post
Treatment in Oyster Shell Columns.
Charge Volume, mL
Coated Pumice, cm-1
Coated Biochar, cm-1
750

0.036 ± 0.050

0.055 ± 0.024

1500

0.053 ± 0.009

N/A

4.1.3.3 E. coli
Figure 4.22 demonstrates log removal of coated biochar, coated pumice, and sand. Note
that many of the product water E. coli measurements were below detection limit. In those cases,
an assumed product water E. coli concentration of 5 Colony Forming Units (CFU)/ 100 mL was
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used to calculate log10 removal. This agrees with Stauber (2006) who achieved 98% E. coli
removal in a mature BSF. Coated pumice had the highest E. coli removal throughout the duration
of the experiment, while sand had the lowest E. coli removal. High values of E. coli removal
could be due to coated pumice having a higher turbidity removal. High values of E. coli removal
could be also due to the initial high rates of aluminum in the pumice column, which were higher
than the water standard aluminum guideline. Metal oxide coating is good at removing bacteria
since the coating has positively charged surfaces (Chen et al, 1998; Ahammed & Meera, 2010;
Li et al., 2014). At low charge volumes, coated biochar displayed similar removal with coated
pumice; however, as the charge volume increased from 350mL to 750mL, coated biochar had a
lower log removal than coated pumice. This agrees with Guan et al. (2020) who investigated
willow wood biochar and had 79% E. coli removal. As shown in Figure 4.23, pumice had the
lowest number of E. coli colonies in the petri dishes compared to the biochar sand mix and sand
only. After charge volume increased to 1500 mL, coated pumice started to clog quicker, and the
column had to be cleaned. Therefore, coated pumice initially had a low removal of E. coli since
the biological layer (schmutzdecke) was scooped away which lessened E. coli removal.
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Figure 4.22 Log10 Removal of E. coli for Coated Biochar, Coated Pumice, and Sand. Red Lines
Indicate When the Columns Were Cleaned on Days: 230, 265, 302, 393 and 416. Blue Lines
Represent When the Charge Volume Increased on Days: 111, 192 and 372.

A

B

C

Figure 4.23 Petri Dishes With mTEC Agar Showing E. coli Colonies After Passing Through A)
Coated Biochar B) Coated Pumice C) Sand Columns

If turbidity is higher than the standard, the water becomes cloudier and thus is prone to
harbor higher levels of viruses, parasites, and harmful bacteria, such as E. coli. All of which can
cause people to become ill and experience diarrhea, nausea, and death. The higher the organic
matter concentrations and turbidity levels, cause the bacteria levels in the water to increase. Sand
had a higher UV254 and turbidity measurements than coated pumice and coated biochar. Thus,
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resulting sand to have the highest amount of E. coli in the sample water and having a lower log
removal.
4.1.4 Correlation between pH, Aluminum, and Alkalinity
4.1.4.1 pH
Drinking water quality pH is acceptable when it ranges from 6.5 to 8.5 (EPA, 2015). This
is because when it is lower than 6.5, the water has a bitter metallic taste; when it is higher than
8.5, the water has a slippery feel and soda taste. When, pH is acidic, corrosion also occurs and
could be an issue during storage depending on the type of container used. Another issue, that
correlates to water being acidic is aluminum leaching. Figure 4.24 shows a logC-pH diagram for
aluminum species. The straight horizontal line, Al(OH)3 (am), is independent of pH. When the
levels of the base (hydroxide) increase so do the levels of aluminum and there is less precipitate
in the solution. As the base increases, the Al(OH)4- will be the dominant species. The precipitate
occurs when there is low solubility and anything above the horizontal line and inside the
precipitate zone, means it is oversaturated and will precipitate Al(OH)3 out. When there is more
acid and passes the precipitate curve, Al3+ would be the dominant species. The Al3+ would
dissolve into the solution and increasing the aluminum concentrations.
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Figure 4.24 LogC-pH Diagram for Aluminum Species

Figures 4.25 to 4.28 show pH of untreated water, and treated water from uncoated sand,
coated pumice, and coated biochar media for different charge volumes: 250 mL, 350 mL, 750
mL, and 1500 mL throughout the study. Initially, the treated water from the pumice column was
acidic, with values as low as 4 for the first 243 days. Table 4.12 shows a summary of the pH of
the untreated water and product water per charge volume and time in days. As the pH for coated
pumice was around 4 during the column studies, two side experiment were conducted. pH was
tested for uncoated pumice by adding 100 mL of uncoated pumice to 150 mL DI water in a 200
mL plastic beaker. The pH was determined to be 5.61. The same test was conducted with coated
pumice and the pH was 3.98. According to Hess Pumice, the pumice has an amorphous structure
and is composed of 76.2% of Silicon Dioxide, 13.5% of Aluminum Oxide, 1.6% of Sodium
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Oxide, 0.8% of Calcium Oxide and smaller percentages of other components (Hess Pumice,
2008). These results differed from the pumice supplier, Hess Pumice, specifications which stated
the pH of the pumice was 7.2 (Hess Pumice, 2008). After discussion with the supplier, Hess
retested the pH of their pumice and stated it was 9.1. This could be due to different sources of
water used to test the pumice and the water had different alkalinities.

Table 4.12 Average pH for Untreated Water and Media Materials Throughout the Study
Days
Charge
Untreated
Uncoated
Coated
Volume,
Coated Biochar
Water
Sand
Pumice
mL
1 – 110

250

7.11± 0.12

7.21 ± 0.28

4.18 ± 0.25

111 – 191

350

7.45 ± 0.12

7.36 ± 0.15

4.47 ± 0.11

192 – 371

750

7.49 ± 0.27

7.40 ± 0.34

6.01 ± 0.94

7.15 ± 0.34

1500

7.69 ± 0.20

N/A

7.36 ± 0.23

N/A

372 - 419

6.28 ± 0.28
6.44 ± 0.27
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Figure 4.25 pH of Untreated Water, Sand, Coated Pumice, and Coated Biochar Media for Charge
Volume, 250 mL. Horizontal Purple Lines Show Acceptable Drinking Water pH Standards
Ranging From 6.5 to 8.5 (EPA, 2015).
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Figure 4.26 pH of Untreated Water, Sand, Coated Pumice, and Coated Biochar Media for Charge
Volume, 350 mL. Horizontal Purple Lines Show Acceptable Drinking Water pH Standards
Ranging From 6.5 to 8.5 (EPA, 2015).
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Figure 4.27 pH of Untreated Water, Sand, Coated Pumice, and Coated Biochar Media for Charge
Volume, 750 mL. Horizontal Purple Lines Show Acceptable Drinking Water pH Standards
Ranging From 6.5 to 8.5 (EPA, 2015). Vertical Red Lines Indicate When the Columns Were
Cleaned on Days: 230, 265, and 302.

Figure 4.28 pH of Untreated Water, and Coated Pumice Media for Charge Volume,1500 mL.
Horizontal Purple Lines Show Acceptable Drinking Water pH Standards Ranging From 6.5 to
8.5 (EPA, 2015). Vertical Red Lines Indicate When the Columns Were Cleaned on Days: 393
and 416.
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Two oyster shell columns were used as post treatment to increase the pH of the filtered
water from the pumice and biochar-sand columns. The two oyster shell columns were charged
with the filtered product water from the columns. Figure 4.29 shows how oyster shells increased
the pH of the product water from the coated pumice and coated biochar columns, which stayed
within the desired water quality standards from day 174 until day 419. Table 4.13 summarizes
the pH per charge volume and time after post treatment. With post treatment, the columns were
able to meet the EPA (2015) standard for drinking water for charge volumes of 750 mL and 1500
mL. Note, it is recommended in integrating the oyster shells into the columns rather than adding
them as a post treatment, thus enabling the drinking water to be maintained within standard.

Figure 4.29 pH of Oyster Shells Mixed with Coated Pumice and Coated Biochar Samples for
Charge Volumes: 750 mL and 1500 mL. Horizontal Purple Lines Are Acceptable Drinking
Water pH Standards Ranging From 6.5 to 8.5 (EPA, 2015). Vertical Red Lines Indicate When
the Columns Were Cleaned on Days: 230, 265, 302, 393 and 416. Vertical Blue Lines Represent
When the Charge Volume Increased on Days: 192 and 372.
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Table 4.13 pH of Product Water of Coated Pumice and Coated Biochar Columns After Post
Treatment in Oyster Shell Columns
Days
Charge Volume, mL
Coated Pumice
Coated Biochar
192 – 371

750

6.94 ± 0.28

7.41 ± 0.27

372 - 419

1500

7.51 ± 0.20

N/A

4.1.4.2 Aluminum
Aluminum is a contaminant found in groundwater, which leaches from rocks and soil into
the groundwater. EPA (2015) secondary drinking water standards state that the maximum
contaminant level of aluminum should be between 0.05 to 0.2 mg/L; however, WHO guideline
secondary maximum contaminant level should be between 0.1 to 0.2 mg/L (WQA, 2013). When,
drinking water has a higher aluminum concentration than 0.2 mg/L, the water starts to have a
gray color. Aluminum was measured initially on days, 42 to 57, to see if there was aluminum
leaching due to low pH. Figure 4.30 shows the aluminum concentration of untreated water, sand,
coated pumice, and coated biochar media for a charge volume of 250 mL for 16 days. The purple
dotted line represents the water standard regulation of 0.2 mg/L. Coated pumice had a higher
concentration than 0.2 mg/L; however, aluminum concertation in the product water for the
uncoated sand and coated biochar was lower than 0.05 mg/L. The average aluminum
concentration for the volume charge of 250 mL for uncoated sand was 0.014 ± 0.005, for coated
biochar was 0.019 ± 0.004 and for coated pumice was 0.199 ± 0.024. Thus, the low pH caused
the aluminum to dissolve into the samples. As seen in figure 4.24, when there’s a low pH passing
the precipitate zone, the dominant species in the water is aluminum.
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Figure 4.30 Aluminum Concentration for Treated Water for Sand, Coated Pumice, and Coated
Biochar Media Columns for Charge Volume, 250 mL. Purple Line Depicts Maximum
Contaminant Level of 0.2 mg/L Al3+ (EPA, 2015).

As time progressed, there was a noticeable increase in pH (Fig. 4.27). Aluminum was
measured to see if there was a correlation with the pH. Figure 4.31 shows the aluminum
concentration of untreated water, sand, coated pumice and coated biochar media and post
treatment of oyster shells mixed with coated pumice sample for charge volumes of 750 mL and
1500 mL. From days 222 to 286, aluminum was low below 0.05 mg/L Al3+ for coated biochar
until it increased above 0.1 mg/L Al3+ on day 293. The increase is probably due to coated
biochar reaching fluoride breakthrough. With fluoride breakthrough, aluminum is leaching
causing fluoride and aluminum ions to leave the BSFs; thus, increasing fluoride and aluminum
concentrations in the drinking water. From days 222 to 251 aluminum levels were still higher
for coated pumice; however, it decreased starting day 258 and it was below drinking water
aluminum standard. This was because the desorption of aluminum in the coated pumice was
exhausted and aluminum content turned low. Which caused the pH to increase to 5.13, figure
58

4.23 shows as the pH increases, the aluminum dissolves, when the aluminum concentrations
decreases. From day 318 to 342, aluminum wasn’t measured due to lack of equipment.

Figure 4.31 Aluminum Concentration of Untreated Water, Sand, Coated Pumice, Coated Biochar
Media and Post Treatment of Oyster Shells Mixed with Coated Pumice Sample for Charge
Volumes: 750 mL and 1500 mL. Horizontal Purple Line Shows Maximum Contaminant Level of
0.2 mg/L Al3+ (EPA, 2015). Vertical Red Lines Indicate When the Columns Were Cleaned on
Days: 230, 265, 302, 393 and 416. Blue Lines Represent When the Charge Volume Increased on
Day 372.

4.1.4.3 Alkalinity
Alkalinity measures the buffering capacity in water. Alkalinity is composed of
carbonates, bicarbonates and hydroxides. The higher alkalinity in our drinking water allows for
the water to not be acidic. It allows to measure the ability of the water to neutralize acids. The
lake water used had an alkalinity of 69.0  1.24 mg/L CaCO3. Oyster shells are mainly
composed of calcium carbonate, which allows for oyster shells to have a high buffering capacity.
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Thus, allowing for the calcium carbonate in the oyster shells to release and neutralize the acid
and increase the pH for coated pumice and coated biochar columns.
4.2 Screening Studies
Screening studies were performed to test effectiveness of coating on removing fluoride
before the column studies began. These experiments were performed at different dosages for
uncoated sand, coated pumice, coated biochar, and oyster shells. Due to how compact the media
was different dosages were used. For example, uncoated sand was used as the control as it was
expected to have a low removal of fluoride. Oyster shells were also tested to verify their
effectiveness on removing fluoride. Figure 4.32 shows the final fluoride concentration for sand,
coated biochar, coated pumice, and oyster shells. In tests with coated biochar and coated pumice,
fluoride concentrations were below the standard limit (1.5 mg/L). Final fluoride concentrations
below the standard limits indicate a high fluoride removal for coated biochar (96% fluoride
removal) and coated pumice (88% fluoride removal). This result agrees with Salifu (2013), who
reported an increase in fluoride removal from 55.7% to 97.8% as the dosages of aluminum oxide
coated pumice increase from 1 to 20 g/L. Oyster shells were also tested to see if they could also
remove fluoride, as they were incorporated to raise the pH of the coated pumice and biochar
columns on day 174. Oyster shells were also chosen due to oyster shells being low cost locally
available materials and being a slow-release alkalinity source (Sengupta et al., 2007). It also has
the ability to not disintegrate rapidly, which prevents release of particles causing turbidity
(Asaoka et al, 2009). Oyster shells had a small fluoride removal of 7%.
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Figure 4.32 Final Fluoride Concentration for Sand, Coated Biochar and Coated Pumice Before
the Study Initiated

Once there was a breakthrough of fluoride in the column studies, sand was rewashed, and
coated biochar and coated pumice were rewashed and recoated to see if their fluoride removal
efficiency could be restored. If media shows the efficiency can be restored, this will allow for the
media to be reused, allowing people to save money before buying new materials and allows for
individuals to have clean water for longer periods of time. These studies for rewashed and
recoated media used the same procedure as the initial studies to compare the efficiency before
and after the recoating. There was a small fluoride removal for coated pumice at the smallest
dosage of 4 grams; however, as the dosage increased the efficiency was exhausted, which could
have been caused by the leaching of fluoride from the media. Sand on the other hand, throughout
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all the dosages had no fluoride removal. Figure 4.33 shows results of the final fluoride
concentration for rewashed sand, recoated biochar, and recoated pumice. Sand had a fluoride
removal of -3%; while coated pumice had a fluoride removal of -12%. Thus, this shows the
rewashed exhausted sand and re-coated pumice could not remove fluoride. The results of the
recoated pumice do not agree with other studies that reported that the fluoride removal efficiency
of exhausted pumice could be restored by recoating since the pH was lower than other studies
(Çifçi & Meriç, 2015). Recoated biochar had a fluoride removal of 96%, which, had a very
similar fluoride removal to the initial coated biochar. This result agrees with Wang et al. (2018)
that recoated biochar has a similar fluoride removal like the initial coating.

Figure 4.33 Final Fluoride Concentration for Rewash Sand and Recoated Biochar and Pumice
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Chapter 5: Conclusions and Recommendations
This research involved different media materials (uncoated sand, aluminum coated
pumice, and aluminum coated biochar) coated with aluminum hydroxide used in BSF columns.
The first objective of this research was to compare the long-term fluoride removal of BSFs using
different media. Coated pumice was the best to remove fluoride in the column BSFs, even when
there was an increase in the influent concentration from 5 mg/L to 42 mg/L. Coated pumice
experienced fluoride breakthrough after 419 days and maintained a fluoride removal higher than
98% with varying charge volumes. Coated biochar media performed second best by experiencing
breakthrough after 313 days and maintaining a fluoride removal of 90% and higher with varying
charge volumes. Uncoated sand had a breakthrough after 50 days. Before the breakthrough
occurred, uncoated sand had a fluoride removal average of 92.3 ± 8.7%. Both having an initial
influent concentration of 5 mg/L.
The second objective of this research was to compare performance of the different media
materials for the removal of E. coli, turbidity, and dissolved organic carbon (measured as UV254).
Coated pumice had the highest turbidity and E. coli removal out of all the medias. Coated
pumice achieved a turbidity removal higher than 90% throughout the experiment. Coated biochar
media had the highest UV254 removal achieving a UV254 removal of 80% and higher. The third
objective of this research was to compare the fluoride removal efficiency of uncoated sand and
recoated media (coated pumice, and coated biochar). Fluoride removal efficiency was exhausted
for uncoated sand and recoated pumice as it increased its dosage. On the contrary to these
medias, recoated biochar still had a high fluoride removal efficiency of 96% ± 0.52.
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My recommendations for the future are first to test different types of pumice brands and
investigate their characteristics such as their chemical composition or surface area. This would
enable us to see which one’s pH isn’t affected as much when coating with the aluminum coating.
Testing the pumice characteristics, allows to investigate how the characteristics affect the pH
when coating with aluminum. Also, test the fluoride removal efficiency of each pumice to know
which one has the best removal efficiency overall. This allows for the best type of pumice to be
selected for ongoing future research. It will also be best to recoat the media and then perform the
experiment to see how long the recoated media can last and how effective it is to remove
fluoride, turbidity, and pathogens. Another recommendation is to mix uncoated sand with coated
pumice by setting the media in two separate layers. Coated pumice placed on the bottom and
uncoated sand placed on top to see if there’s a difference in their performance based on its setup.
The uncoated sand can act as a pretreatment layer, which could help enhance the performance of
the coated pumice column. Note be aware on how you construct the columns. Two of the
columns used had metal fittings and the metal fittings started to oxidize which affected the
waters turbidity, turning the water yellow. Don’t include any metal fittings, plastic would be
preferable if needed.
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Appendix A: Copyright Permissions
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Appendix B: Media and Solution Preparation
B.1 Porosity Test
1.

Eight 280 mL beakers were used, where two beakers were used per media type and 100
mL of media were put into each beaker. Media included: 1) uncoated sand, 2) coated
biochar, 3) coated pumice, and 4) uncoated sand combined with coated biochar.

2.

A graduated cylinder was filled with 250 mL of tap water until the water reached the
indicated meniscus. The initial amount of water was recorded from the graduated
cylinder.

3.

Water was poured very slowly to the beaker with media in it. Once a fine line of water
was on top of the media, no more water was poured.

4.

The level of water remaining in the graduated cylinder when the pouring stopped was
recorded. The amount of water poured was calculated by subtracting the final reading
from the initial reading.

5.

Afterwards, the beakers were covered with parafilm.

6.

The test was performed for multiple days and after every 24 hours, where water kept
getting poured in and the water amount was recorded until a fine line of water stayed
there permanently.
a.

Water was poured every 24 hours to allow for air bubbles to dissipate and for
more water to be added due to the water level reducing. At the same time, water is
also saturating the pores within the media.
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7.

Once the fine line was present, the total volume added to the beaker was calculated by
adding all the amounts of water added to the beaker per day.

8.

The pore size was then calculated as the ratio of total volume of water added divided by
the volume of media used.

B.2 Stock Solution Preparation
A 1,000 mg/L fluoride stock solution was prepared to make feed water and standards.
The procedure to create the stock solution is as follows:
1.

The stock solution was prepared by first drying sodium fluoride (NaF) powder for 24
hours in an oven set to 105 C.

2.

Once the NaF powder was dried, 2.21 grams (g) were added to a 1-liter (L) volumetric
flask and filled with deionized (DI) water until it reached 1 L.

3.

A stir bar was then placed inside and sealed off with parafilm on top. The volumetric
flask was then placed on top of a magnetic hotplate stirrer.

4.

With the stir bar, the contents were stirred until all the NaF powder dissolved.

5.

The solution was stirred for at least 8 minutes and stored in a refrigerator.

B.3 Aluminum Coating
Aluminum coating was carried out in two steps. For the first step, it was coated with a 0.5
M aluminum sulfate hydrate solution. In the second step, a 3 M ammonium hydroxide solution
was used to raise the pH aluminum hydroxide precipitates formation.
The following is the procedure for the coating method:
1.

The media is rinsed with DI water until the water is not turbid or has particles floating up
in the water.

2.

The media was cleaned about 10 times to ensure its cleanliness.
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3.

Media was placed in a constant temperature room at 35 C to dry for approximately 7
days.

4.

For the first step, Aluminum sulfate (Al2(SO4)3) solution was prepared by adding 891.225
g of Al2(SO4)3) powder into a 4 L flask.

5.

The flask was filled up with 3 L of DI water.

6.

A magnetic stirrer was placed inside, and it would stir until all the Al2(SO4)3 was
dissolved.
a.

DI water and powder were poured incrementally at the same time while mixing.
This prevented a gelatin formation and for the powder to dissolve more quickly.

7.

The dried media was mixed using a paddle mixer with the prepared Al for 1.5 hours.

8.

Subsequently, the hydrated media was poured into 100-millimeter (mm) sieve trays.

9.

The whole solution was drained from the media and then, the media was placed in the
constant room temperature room at 35 C for 24 hours for drying.

10.

For the second step, ammonium hydroxide solution was prepared by adding 350 mL of
ammonium hydroxide into a 4 L flask.

11.

It was filled up until the meniscus reached 3 L.

12.

A magnetic stirrer was placed inside, and it was stirred for 5 minutes.

13.

Then it was mixed with the media for 30 minutes with the mixing drill.

14.

During the mixing, a bucket filled with DI water had its pH adjusted to 7. To adjust the
pH, hydrochloric acid (HCl) was used to lower the pH and ammonium hydroxide solution
would increase the pH.

15.

After 30 minutes, the mixture was dumped into the 100 mm sieve trays and a sample was
taken. The sample tube was labeled second coating.
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16.

All the solution was disposed of properly, and the media was only left.

17.

The pH adjusted DI water was used to rinse the media.

18.

This was done about 5 times for the ammonium hydroxide odor to pass.

19.

The cleaned media was then placed into the constant room temperature to dry for about 7
days.
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Appendix C: Fluoride Screening Tests
Fluoride removal screening studies were conducted to see how well the media could
remove the contaminant, fluoride. The following is a detailed procedure of the study.
C.1 Fluoride Screening Studies
1.

4,000 mL of lake water were filtered using 45 µm glass membrane filters and a pump.

2.

20 mL of the 1,000 mg/L of the fluoride stock solution was mixed with 3,980 mL of lake
water to obtain a fluoride concentration of 5 mg/L.

3.

Standard samples should be made using the filtered water of the following fluoride
concentrations: 0.5 mg/L, 1 mg/L, 5 mg/L, and 10 mg/L.

4.

The standard samples allowed for the creation of a standard curve in Microsoft Excel.
a.

The equation calculated allows to plug in the measurement taken from the
fluoride probe into it to obtain the concentration in units of mg/L.

5.

To test the adsorption capacity for coated biochar, 14 sample bottles were used in total.
Each bottle had a volume of 280 mL.

6.

The bottles were labeled by the dosage of media mass that was used for the study and
filled with the corresponding amount.
a.

It was labeled as follows: blank, 0.05 g, 1 g, 1.5 g, 2 g, 2.5 g, and 3 g.

b.

The blank sample did not contain any media.

7.

Each bottle was filled with 250 mL of spiked water.

8.

Caps and parafilm on top of the caps were then used to seal the bottles.
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9.

All the bottles were placed in an orbital shaker for 24 hours at a speed of 160 revolutions
per minute (RPM).

10.

After 24 hours, all samples were filtered using 45 µm membrane filters. 25 mL of filtered
samples was collected and then combined with 25 mL of total ionic strength adjustment
buffer (TISAB) to measure the fluoride concentration.

11.

Then, with the same procedure, coated pumice, uncoated sand, and oyster shells were
tested for their adsorption capacity.
a.

For pumice, the following dosages was used: blank, 4 g, 10 g, 15 g, 20 g, 25 g,
and 30 g.

b.

For sand, the following dosages was used: blank, 6.8 g, 13.6 g, 20.4 g, 27.2 g, 34
g, and 40.8 g.

c.

For oyster shells, the following dosages was used: blank, 3.4 g, 6.8 g, 13.6 g, 20.4
g, 27.2 g, and 34 g.

C.2 Materials Needed for Biosand Filter Construction
The construction for the BSF followed the basic design of a regular BSF containing a
diffuser plate and outlet pipe. Different items were needed to make sure the column filter will be
functional. Table B.2.1 shows the materials required for the construction.
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Table C.1 Materials Required for Construction of a Biosand Filter
Item
Quantity
2,000 mL Calibration
Column⁂
1 mm mesh screen

Manufacturer

Koflo Corporation, Cary, IL,
3
U.S.A
6.28 inches†

N/A

3

Southeastern Grocers, China

Red Cups with bottom
perforations
Duck 1.88 in. W X 55 yd L

Shurtape Technologies, Avon,
1

Gray Duct Tape

OH, U.S.A

AA Thread Seal White ½” W

AA Thread Seal Tape Inc.,
1

X 260” L Thread Seal Tape
½” OD 3/8” ID Clear Vinyl

Wauconda, IL, U.S.A
3 yards

Ace Proline, Oak Brook, IL,

Tubing

U.S.A

Green Leaf ½ in. MPT T X

Green Leaf Inc., Fontanet, IN,
3

3/8 in. D Barb Nylon Elbow

U.S.A

Green Leaf Nylon 3/8” D X
Green Leaf Inc., Fontanet, IN
3/8” D Hose Barb Elbow 1

6
U.S.A

pack
Green Leaf 3/8” Barb T X
3/8” D Barb Nylon Tee

3

Green Leaf Inc., Fontanet, IN
U.S.A

⁂

The dimensions of each 2000 mL calibration column used were approximately 24 inches tall,
with an outer diameter of 3.5 inches and an inner diameter of 3 inches.
 This is an approximate number. One yard per column.
†
Created circles with mentioned diameter to be put into the 2 L calibration columns so media
wouldn’t come out.
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Appendix D: Analytical Methods Procedures
D.1 Falling Head Hydraulic Conductivity Test
Falling head hydraulic conductivity test was conducted using the ASTM D5084. The
document was titled, Constant Head and Falling Head Permeability Test. Figure D.1 shows an
image on how the hydraulic conductivity test was set up. A funnel was attached to a clear tube
that was attached to a filter column.
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Figure D.1 Setup for the Hydraulic Conductivity Test

Then, it is attached to another clear tube. The tube would have water going through it and
will pour into a beaker. The narrow pipe was filled for each different media test: 1) sand, 2)
coated pumice, and 3) coated biochar with uncoated sand. The tube was marked where the height
of the water initiated at and then marked where the water height stopped. Time was recorded in
seconds to see how long it took for the water to go through the media. The volume in mL was
also recorded to see how much water went through the media in the time frame recorded.
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D.2 Summary of Standard Solutions
Table D.1 Summary of Standard Solutions Characteristics
Amount of Stock Solution Added per 75
Concentration of Solution
mL of Lake Water
0.5 mg/L

37.5 mL

1 mg/L

75 mL

2 mg/L

150 mL

5 mg/L

375 mL

10 mg/L

750 mL

D.3 Fluoride Limit Test
Fluoride limit test was performed to see the lowest possible concentration that could be
used for the standard solutions. The following shows a detail procedure on how to perform the
test.
1.

Standard solutions were made, and the curve was obtained by creating a standard curve
equation in Microsoft Excel.

2.

Seven samples were needed to be prepared with a concentration of 0.5 mg/L of fluoride.

3.

37.5 µL of fluoride was used with 75 mL of DI water.

4.

Each sample was measured with the fluoride probe to measure the amount of fluoride
present.

5.

Numbers were put into Microsoft Excel to obtain the concentrations and the standard
deviation was calculated with the function STDEV.

6.

The standard deviation obtained was 0.162.
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7.

That number was then multiplied by 3.14, which will give you the lowest concentration
number that is used for the standard sample concentrations.

8.

In this study, the lowest concentration was 0.5 mg/L.

D.4 Volatile Suspended Solids
Volatile suspended solids measurement was performed to find out the organic-solids
concentrations. The following procedures describe the setup of the trays, obtaining the samples
for the measurements and how to conduct the test.
D.4.1 Setting Up Trays
1.

Six micro-glass filter paper of a pore size of 45 µm were used to represent six samples
(three samples with their duplicates).

2.

A filter holder and a pump were also used.

3.

Filter paper had to be washed first, so it was placed into the filter holder and placed on
top of the pump.

4.

50 mL of DI water were poured, and the pump was turned on to allow the water to go
through the filter.

5.

Afterwards, the filter paper was placed on an aluminum weighing tray.

6.

Once, all the filter papers were placed on the trays, they were placed in the furnace for 15
minutes, then in the oven for 45 minutes and lastly in the desiccant to cool down for 30
minutes.

7.

After they were all cooled down, the trays were weighed.

D.4.2 Getting Sample Volumes and Measurements
1.

Samples were poured into a 250 mL plastic bottle.
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2.

The total amount of sample in the 250 mL plastic bottles were measured in a 250 mL
graduated cylinder.

3.

An initial volume sample and the final sample volume in the graduated cylinder were
recorded to determine the sample volume on top of the filter paper that was dried
accordingly.

4.

Afterwards, the filter papers were placed in the petri dishes and then placed in the oven
for 24 hours.

5.

The petri dishes were then taken out of the oven, placed in the desiccant to cool down for
30 minutes and then they were weighed.

6.

Lastly, the petri dishes were placed into the furnace for an hour, cooled down for 30
minutes and weighed again.

7.

The measurements were calculated by following the Standard Method 2540G
calculations (Baird et al., 2017).

D.5 Summary of Analytical Methods
To proceed with the experiment, different analytical methods were performed. For each
analytical method, different instruments and methods were used and summarized in Table C.5.1.
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Table D.2 Summary of Analytical Methods with Instrumentation
Parameter
Instrument
Method Description
Flow Rate

Graduated Cylinder

CAWST BSF Construction Manual
(2012)

Aluminum

Hach DR2800 Spectrophotometer

HACH 8326 Eriochrome Cyanine R
(ECR) Method

Fluoride

Thermo Scientific Orion 5-star

Standard Methods 4500-F-C (Baird et

pH/ISE/Cond/DO Multiparameter

al., 2017)

Benchtop Meter and OAKTON pH
Electrode with ATC Probe and Orion
Model 9609BNWP Combination
Fluoride Electrode
UV254

E. coli

Thermo Electron Corporation Genesys Standard Method 5910B (Baird et al.,
10-S UV-Vis Spectrophotometer

2017)

N/A

EPA Method 1603: Escherichia coli (E.
coli) in Water by Membrane Filtration
Using Modified membraneThermotolerant Escherichia coli Agar
(Modified mTEC)

Turbidity

Hach 2100Q Portable Turbidimeter

Standard Method 2130 (Baird et al.,
2017)

pH

Thermo Scientific Orion 5-star

Standard Method 4500-H+B (Baird et

pH/ISE/Cond/DO Multiparameter

al., 2017)

Benchtop Meter and OAKTON pH
Electrode with ATC Probe
Alkalinity

Thermo Scientific Orion 5-star

Standard Method 2320 (Baird et al.,

pH/ISE/Cond/DO Multiparameter

2017)

Benchtop Meter and OAKTON pH
Electrode with ATC Probe
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Appendix E: Parameter Measurements
E.1 Average Turbidity Measurements
Table E.1 Average Turbidity for Untreated Water and Media Materials per Varying Charge
Volumes Throughout the Study

Charge
Volume, mL

Untreated
Water, NTU

Sand, NTU

Coated Pumice,
NTU

Coated
Biochar, NTU

250

17.02 ± 11.59

0.46 ± 0.10

0.26 ± 0.07

0.35 ± 0.09

350

6.06 ± 5.17

0.57 ± 0.08

0.25 ± 0.09

0.30 ± 0.09

750

7.97 ± 4.61

1.03 ± 0.31

0.65 ± 0.24

2.08 ± 2.75

1500

12.87 ± 3.42

N/A

1.43 ± 0.25

N/A

95

E.2 Average UV254 Measurements
Table E.2 Average UV254 for Untreated Water and Media Materials per Varying Charge
Volumes Throughout the Study
Charge
Untreated Water,
Coated
Coated
-1
Sand, cm
Volume, mL
cm-1
Pumice, cm-1 Biochar, cm-1
250

0.150 ± 0.028

0.068 ± 0.014

0.023 ± 0.007

0.019 ± 0.013

350

0.131 ± 0.014

0.080 ± 0.010

0.028 ± 0.008

0.018 ± 0.012

750

0.144 ± 0.028

0.123 ± 0.027

0.041 ± 0.011

0.026 ± 0.027

1500

0.124 ± 0.016

N/A

0.047 ± 0.008

N/A

E.3 Average Fluoride Measurements
Table E.3 Average Fluoride for Untreated Water and Media Materials per Varying Charge
Volumes Throughout the Study
Charge
Volume, mL

Untreated
Water, mg/L

Sand, mg/L

Coated
Pumice, mg/L

Coated
Biochar, mg/L

250

4.92 ± 0.88

3.18 ± 2.80

0.06 ± 0.05

0.026 ± 0.027

350

5.24 ± 1.05

5.54 ± 1.25

0.03 ± 0.02

0.04 ± 0.06

750

4.88 ± 0.74

4.79 ± 0.88

0.04 ± 0.05

0.45 ± 0.50

1500

22.6 ± 20.9

N/A

0.32 ± 0.62

N/A
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